Screening of a wheat (Triticum aestivum) cDNA library for starch-branching enzyme I (SBEI) genes combined with 5Ј-rapid amplification of cDNA ends resulted in isolation of a 4,563-bp composite cDNA, Sbe1c. Based on sequence alignment to characterized SBEI cDNA clones isolated from plants, the SBEIc predicted from the cDNA sequence was produced with a transit peptide directing the polypeptide into plastids. Furthermore, the predicted mature form of SBEIc was much larger (152 kD) than previously characterized plant SBEI (80-100 kD) and contained a partial duplication of SBEI sequences. The first SBEI domain showed high amino acid similarity to a 74-kD wheat SBEI-like protein that is inactive as a branching enzyme when expressed in Escherichia coli. The second SBEI domain on SBEIc was identical in sequence to a functional 87-kD SBEI produced in the wheat endosperm. Immunoblot analysis of proteins produced in developing wheat kernels demonstrated that the 152-kD SBEIc was, in contrast to the 87-to 88-kD SBEI, preferentially associated with the starch granules. Proteins similar in size and recognized by wheat SBEI antibodies were also present in Triticum monococcum, Triticum tauschii, and Triticum turgidum subsp. durum.
Starch branching enzyme (SBE; 1,4-␣-d-glucan-6-␣-[1,4-␣-glucan]-transferase; EC 2.4.1.18) is a key enzyme in the starch biosynthetic pathway. The enzyme acts on Glc polymers and catalyzes excision and transfer of glucan chains to the same or other glucan molecules. Translocated chains are attached to the polymer through ␣-1,6-glucosidic bonds to form branches on the ␣-1,4-linked Glc backbone. It is generally believed that SBE acts in concert with starch synthases and debranching enzymes to synthesize amylopectin polymers, which together with amylose molecules form the highly organized starch granules (Ball et al., 1996) .
All of the reported SBE from plants to date can be divided into two classes, SBEI and SBEII, based on their amino acid sequences (Burton et al., 1995) . Most of the characterized plant SBE are in the 80-to 100-kD molecular mass range and, like all of the enzymes of the ␣-amylase family, carry a catalytic (␤␣) 8 barrel domain (Svensson, 1994) . Several experiments performed with purified SBEI and SBEII suggest that the two SBE classes differ in their substrate specificity and kinetic properties. The biochemical data support that SBEI (denoted SBEII in pea) favors transfer of long glucan chains and prefers amylose over amylopectin as a substrate, whereas SBEII (denoted SBEI in pea) produces shorter branches and acts primarily on amylopectin (Smith, 1988; Guan and Preiss, 1993; Takeda et al., 1993a) . The involvement of SBEII in the formation of amylopectin polymers is supported by analyses of starches produced in pea embryos and rice and maize endosperm with reduced SBEII activities. These studies have correlated the mutations with increased length of amylopectin chains and an apparent increase in amylose content (Bhattacharyya et al., 1990; Mizuno et al., 1993; Takeda et al., 1993b; Tomlinson et al., 1997) . Similar results have also been obtained from studies of transgenic potato with reduced SBEII activity (Jobling et al., 1999) . Transgenic potatoes with antisense inhibition of SBEI activity do not show any significant effect on amylose content or chain length distribution of amylopectin, although some alterations to starch properties can be demonstrated (Flipse et al., 1996; Safford et al., 1998) . Thus, the two different SBE classes appear, at least in potato tubers, to play different roles in the formation of branched glucan polymers.
Characterization of SBEI genes in wheat (Triticum aestivum) has so far resulted in isolation of one cDNA clone from a wheat endosperm library (Repellin et al., 1997) and two different genomic clones (Båga et al., 1999; Rahman et al., 1999) . Both of the cDNA and the genomic clones were predicted to encode precursor forms of SBEI, which are likely processed to 87-kD mature enzymes upon import into plastids. However, hexaploid wheat may contain up to seven additional SBEI, or SBEI-like, genes as suggested by DNA gelblot analysis (Rahman et al., 1997) . Several of the wheat SBEI genes appear to be clustered on chromosome 7, possibly including a gene predicted to encode a 74-kD SBEI-like protein, wSBEI-D2 (Rahman et al., 1997) . In contrast to cDNA encoding the 87-kD SBEI, expression of wSBEI-D2 cDNA in a branching enzyme (BE)-deficient Escherichia coli strain does not result in production of BE activity. Thus, all of the SBEI-like genes in wheat may not encode active BE.
Several of the starch biosynthetic enzymes exist as soluble and starch granule-bound forms (Preiss, 1990) . In wheat, both SBEI and SBEII are present in the soluble endosperm where several isoforms of SBEI can be identified by native PAGE Nagamine et al., 1997) . Polypeptides bound and extracted from wheat starch granules can be distinguished on SDS-PAGE gels as at least seven distinct protein bands, ranging in molecular mass from 60 to 149 kD. Only a 92-kD band has been associated with BE activity (Denyer et al., 1995) and shown to contain a protein related to maize SBEIIb (Rahman et al., 1995; Takaoka et al., 1997) . The approximately 60, 80, 100, 108, and 115 protein bands have all been identified as various forms of starch synthases (Echt and Schwartz, 1981; Denyer et al., 1995; Yamamori and Endo, 1996) .
In this paper, we reveal the identity of the 149-kD protein band reported to be present in wheat starch granules (Schofield and Greenwell, 1987) , and show that it represents a previously uncharacterized form of SBEI in plants. The 152-kD isoform of SBEI predicted from the isolated cDNA was found to share features with both the 74-kD wSBEI-D2 and the 87-kD SBEI.
RESULTS

Isolation of a Partial SBEI cDNA Clone
A wheat cDNA library was screened for Sbe1 clones using probe 1 (Fig. 1) . The probe fragment was obtained from a reverse transcription (RT)-PCR reaction containing wheat kernel RNA and PCR primers based on previously characterized Sbe1 clones from wheat (Repellin et al., 1997; Båga et al., 1999) . DNA sequence analysis of one of the isolated clones, pRN60 ( Fig. 1) , revealed a 2,962-bp insert that was 162 bp longer than a previously characterized fulllength SBEI cDNA, pABEI (Repellin et al., 1997) , isolated from the same library. The two cDNA clones matched almost perfectly from the 3Ј end to 346 nucleotides from the 5Ј end of the pRN60 cDNA (99.8% nucleotide identity and 100% encoded amino acid identity) at which point the two sequences diverged. In contrast to the pABEI cDNA, the 346-bp 5Ј sequence of pRN60 cDNA did not seem to encode a transit peptide but instead matched sequences located further downstream on the same cDNA. The unusual 5Ј sequence carried by pRN60 lacked stop codons in frame with the downstream SBEI coding region, which suggested that the isolated cDNA could be translated from the first base, and therefore, might not represent a full-length transcript.
RNA-Blot Analysis of Wheat Endosperm Reveals Two Sbe1 Transcripts
The existence of Sbe1 transcripts that were longer than those encoding the 87-to 88-kD SBEI isoforms was confirmed by an RNA gel-blot analysis. This analysis of wheat kernel RNA extracted at various time points during kernel development showed that a transcript of approximately 5 kb, in addition to the expected 2.8 Sbe1 mRNA, was recognized by the Sbe1-specific probe ( Fig. 2A) . The signals from both the 5-and 2.8-kb transcripts were very weak in samples of 5-d-old kernels, in which the endosperm is very immature, but were clearly seen in samples prepared from 10-to 25-d-old kernels. In kernels younger than 10 DPA, the 5-kb hybridization signals appeared stronger as compared with the signal from the 2.8-kb transcript.
Isolation of Full-Length cDNA Corresponding to 4.6-kb Sbe1 Transcript
With the hypothesis that the pRN60 cDNA was a partial product of the approximately 5-kb Sbe1 transcript, we decided to isolate the 5Ј end of this mRNA species using a 5Ј-RACE procedure. Gel analysis of Hatched area of pABEI coding region (gray box) represents sequence encoding a putative transit peptide and horizontal arrows on the pRN60 cDNA show location of imperfect direct repeats. The four black areas within the coding region represent sequences encoding the highly conserved regions of enzymes belonging to the ␣-amylase family (Svensson, 1994) . DNA fragments used as probes in DNA and RNA hybridizations are indicated below.
products obtained from the final PCR reaction revealed one major fragment of 1.9 kb and three minor fragments (Fig. 3B , lane AP2ϩBE39). No products were obtained from control reactions using only one primer ( Fig. 3B ; lanes AP2 and BE39). The different PCR products were analyzed by DNA sequencing, which showed that only the 1.9-kb fragment carried Sbe1-like sequences. One of the 1.9-kb 5Ј-RACE products was found to correspond 100% to the 272-bp region overlapping the 5Ј end of pRN60, and the composite cDNA sequence obtained with this product and the pRN60 cDNA gave a 4,563-bp-long sequence. This assembled sequence was denoted Sbe1c to distinguish it from our previously characterized wheat Sbe1 clones, Sbe1a (Båga et al., 1999) and Sbe1b (Repellin et al., 1997) .
The 5Ј-RACE analysis suggested that several variants of the 4.6-kb Sbe1c transcript were produced in the wheat endosperm. This observation was further confirmed by RT-PCR analysis using the BE65/BE38 primer pair (Fig. 3A) and endosperm RNA. The 2.0-kb RT-PCR products generated from three independent RT-PCR experiments (Fig. 3C , lane BE65ϩ BE38) were found to be of at least three different variants that differed slightly in deduced amino acid sequence. One of the sequence variants matched exactly to the corresponding sequence on Sbe1c and thus independently confirmed the 2.0-kb 5Ј sequence of Sbe1c.
The 4,563-bp SBEI cDNA Encodes a Protein with Two SBEI-Like Domains DNA sequence analysis of the 4,563-bp Sbe1c cDNA (Fig. 4) revealed an open reading frame of 1,425 codons that was initiated from the 5Ј end of the assembled sequence and terminated at nucleotides 4,278 to 4,280. The TAA stop codon was followed by a possible polyadenylation signal sequence, AAT-AAA, located 19-bp upstream of the polyadenylation tail. Initiation of translation was assigned for the first ATG codon (nucleotides 63-65), allowing translation of 1,405 codons of the open reading frame. Sequence analysis of the proposed amino-terminal region of SBEIc revealed a 50% sequence identity to transit peptides predicted from wheat Sbe1a and Sbe1b. Thus, SBEIc appeared, like the 87-kD SBEI, to be imported into plastids. Cleavage of the transit peptide was proposed to occur between amino acids Ala-67 and Ala-68 of the deduced SBEIc sequence (Ile-Ala-Ala2Ala), as this site showed high resemblance to the consensus sequence for transit peptide cleavage sites, Val/Ile-X-Ala/Cys2Ala (Gavel and von Heijne, 1990) . Processing of the SBEIc precursor would leave a 1,338-amino-acid-long mature protein with a calculated molecular mass of 152 kD.
Analysis of the deduced mature SBEIc sequence disclosed the presence of two SBEI-like sequences, domains 1 and 2, encompassing amino acids 1 to 561 and 570 to 1,338, respectively, on the mature SBEIc (Fig. 5) . As already mentioned, the sequence of the second domain was identical to that of the mature protein encoded by the pABEI cDNA. The main difference between the first domain and the second domain was the lack of a 21-and a 163-amino-acidlong sequence on domain 1. These two sequences corresponded to exon 9 and exons 11 to 14, respectively, on wheat genomic DNA coding for the 87-kD SBEI (Fig. 5 ). Further analysis of SBEIc showed that the first domain including the transit peptide was very similar to the first 629 amino acids (92% identical residues) of a 686-amino-acid-long SBEI-like protein, wSBEI-D2, presumed to be produced in the wheat endosperm (Rahman et al., 1997) . The proposed translational start codons coincided for wSBEI-D2 and SBEIc cDNA, but no sequence corresponding to the 57-amino-acid long-carboxy-terminal residues of wSBEI-D2 was present on SBEIc.
The first domain of SBEIc and the corresponding sequence on wSBEI-D2 differed from other characterized SBEI from plants at the four highly conserved regions on enzymes belonging to the ␣-amylase family, which include plant SBE (Svensson, 1994) . It was especially notable that the Asp residues on regions 2 and 4 and the Glu residue on region 3, all proposed to be directly involved in hydrolysis of ␣-1,4 glucan bonds (Svensson, 1994) , were replaced by nonequivalent residues (Fig. 5) . To examine if the isolated cDNA encoded an active enzyme, a prokaryotic expression vector, pQE-SBEIc, encoding a His-tagged mature SBEIc (amino acids 1-1,338) was constructed ( Fig. 6A ) and tested for activity in a E. coli BE-deficient mutant, KV832 (Kiel et al., 1987) . Since high-level expression of the His-tagged SBEIc was found to severely affect cell growth, a construct expressing the Lac repressor (pREP4-cm) was also introduced into the cells to control transcription from the strong T5 promoter. SDS-PAGE and immunoblot analysis of extracts prepared from the transformed KV832 cells confirmed that a polypeptide of Figure 5 . Schematic illustration of SBEIc precursor encoded by 4.6-kb Sbe1c transcript. DNA sequences corresponding to exons 1 to 14 on wheat genomic Sbe1 (Båga et al., 1999; Rahman et al., 1999) are indicated. Hatched area indicates location of predicted transit peptide and domains 1 and 2 encompass SBEI-like sequences. The location of the four highly conserved regions on (␤␣) 8 barrels of amylolytic enzymes (Svensson, 1994) are indicated by black boxes, and their sequences are shown below. Highly conserved residues are indicated by asterisks and catalytic residues present only on domain 2 are underlined. SBEIc is aligned with the SBEI-like protein deduced from the wSBEI-D2 cDNA (Rahman et al., 1999) and the wheat 87-kD SBEIb (Repellin et al., 1997) . . Nucleotide sequence and deduced amino acid sequence of the 4.6-kb SBEIc transcript produced in the wheat endosperm. Possible polyadenylation sequence is underlined and proposed transit peptide cleavage site is indicated by a vertical arrow. Shadowed regions represent conserved sequences in enzymes belonging to the ␣-amylase family (Svensson, 1994) . Start of pRN60 sequence and location of PCR primers used in the study are indicated.
expected molecular mass (154 kD) was produced at a very low level in noninduced cells but was clearly seen in cells induced with isopropyl-␤-d-thiogalactopyranoside (IPTG) for 2 h (Fig. 6C, lane 4) . The BEmutant carrying pREP4-cm and cloning vector pQE30 showed a blue/gray color upon iodine staining, indicating low or no branching of the glucan polymers (Fig. 6B) . Expression of pQE-SBEIc in KV832 cells harboring pREP4-cm resulted in a brown color upon iodine staining, showing that the BE mutant had regained the ability to branch glucan molecules. The BEpositive strain, DH5␣, transformed with pREP4-cm and pQE30A gave a yellow/brown color upon treatment with iodine, as expected from a strain able to produce glycogen-like polymers. The slight differences in iodine staining patterns of cells producing plant and bacterial BE has been suggested to reflect differences in enzyme specificity (Kossmann et al., 1991) . Production of BE activity from cells expressing Sbe1c was confirmed by the phosphorylase a assay (Hawker et al., 1974) , which revealed a Ͼ90-fold higher level of BE activity in soluble cell extracts of noninduced KV832 cells harboring pQE-SBEIc, as compared with KV832 cells lacking this construct (Fig. 6B) . The BE-positive strain, DH5␣, produced a 4.5-times lower level of BE activity than the complemented KV832 cells. The BE activity in induced cells expressing Sbe1c was not assessed, since most of the produced SBEIc in these cells was deposited into inclusion bodies (data not shown).
The 152-kD SBEI Is Associated with Starch Granules of the Wheat Endosperm
To test if the granule-bound protein of approximately 149 kD reported by Schofield and Greenwell (1987) could correspond to SBEIc, we analyzed starch granule extracts by SDS-PAGE and immunoblotting. Silver-staining of extracted and gel-separated proteins from granules of mature hexaploid wheat kernels resolved seven clearly visible protein bands, of which one band migrated as a 140-kD protein in our gel system (Fig. 7A ).
An immunoblot analysis of the gel-separated proteins using polyclonal antiserum prepared against the wheat 87-kD SBEIb confirmed that the 140-kD protein band was related to SBEI (Fig. 7B , lane ␣-SBEI). The immunoblot analysis also revealed an interaction with the 92-kD protein band and several Figure 6 . Expression analysis of Sbe1c in E. coli. A, Schematic illustration of the expression vector pQE-SBEIc carrying sequences encoding mature SBEIc with His tag (black box) added at the aminoterminal end. B, Analysis of BE activity by iodine staining and phosphorylase a stimulation assay. BE activities were determined from the BE-positive strain DH5␣ and the BE-deficient strain KV832, transformed with plasmids indicated. Construct pREP4-cm expresses the Lac repressor and pQE30 is a cloning vector used for construction of pQE-SBEIc. The BE activity values and SEs determined by the phosphorylase a stimulation assay (Hawker et al., 1974) are expressed as mol Glc-1-P incorporated mg protein Ϫ1 min Ϫ1 and were determined from three separate experiments. C, SDS-PAGE and immunoblot analysis of recombinant wheat SBEIc produced in E. coli. Total cell extracts of noninduced and IPTG-induced cultures of the BE-deficient strain, KV832, harboring pREP4-cm and plasmid indicated were analyzed. The immunoblot analysis was done with antibodies prepared against wheat 87-kD SBEI. Migration of marker proteins revealed by amido black staining is shown to the right. 62-to 67-kD protein bands of unknown identities. Since the 140-kD granule-bound protein corresponded reasonably well in mass to SBEIc and no SBEI corresponding in mass with SBEIc was found by immunoblot analysis of the soluble endosperm (data not shown), we reasoned that Sbe1c encoded a granule-bound form of SBEI. This prediction was later confirmed by N-terminal sequencing of the 140-kD protein band obtained from the wheat cv CDC Teal (Peng et al., 2000) . Further analysis of the granule-bound proteins using polyclonal antibodies prepared against a 87-kD wheat SBEII revealed only an interaction with the 92-kD protein band (Fig. 7B , lane ␣-SBEII), as previously reported by Rahman et al. (1995) . Thus, isoforms analogous to SBEIc and bound to starch granules did not seem to exist for SBEII in wheat.
A gel analysis of granule-bound proteins extracted from developing kernels at different stages after anthesis showed no presence of SBEIc in starch prepared from kernels that were less than 5 d old. These young kernel samples contained a substantial amount of pericarp starch, as indicated by the presence of the 59-kD GBSSII (Nakamura et al., 1998; Fig.   8A ). SBEIc appeared in total kernel starch between 5 and 7 DPA, and its abundance was relatively constant from there on. Thus, the accumulation of the large isoform of SBEI in the kernel starch coincided relatively well with the accumulation of the 4.6-kb SBEI transcript during kernel maturation (Fig. 2) .
One or two proteins corresponding closely in migration with SBEIc were also found associated with starch granules of Triticum monococcum, Triticum tauschii, and Triticum turgidum subsp. Durum (Fig. 8b) , and immunoblot analysis confirmed that these proteins were recognized by SBEI antibodies (data not shown). Thus, we concluded that SBEIc isoforms must be encoded by all three of the genomes of hexaploid wheat.
DISCUSSION
In this report, we show that a 140-kD protein band revealed by SDS-PAGE analysis of wheat starch granules represents a novel 152-kD isoform of SBEI in plants. SBEIc encoded by the isolated cDNA differed from previously characterized SBEI isoforms by its high molecular mass and by the presence of two domains of SBEI-like sequences.
The BE activity measured for SBEIc produced in E. coli was likely derived from the second domain, since the first domain lacked the catalytic residues required for BE activity. Nor have we been able to demonstrate any BE activity by expressing the first domain alone in E. coli (data not shown), whereas the second domain is an active enzyme (Repellin et al., 1997) . Although the function of the first domain remains unknown, the fact that a closely related sequence exists on another putative wheat endosperm protein, wSBEI-D2, also of unknown function and inactive as BE in E. coli (Rahman et al., 1997) , suggests that these SBEI-like polypeptides or protein domains may have a biological role. One possibility is that domain 1 of SBEIc, despite its apparent lack of catalytic BE residues, is able to interact with glucan polymers or other granule-bound proteins. This interaction with components of the starch biosynthetic pathway could differ from that of the 87-to 88-kD SBEI. Some support for this hypothesis is that the 152-kD SBEI is only found associated with the starch granules, whereas the 87-to 88-kD SBEI, which are almost identical to domain 2 on SBEIc, are preferentially located in the soluble fraction of the wheat endosperm . If domain 1 has any influence of the BE specificity exerted by domain 2, it could affect the structure and properties of synthesized amylopectin. Domain 1 differs from domain 2 by the lack of a 21-amino-acid-long peptide and a 163-residue-long (approximately 17 kD) C-terminal sequence (Fig. 5) . The 21-amino acid segment is part of a loop structure located between the eighth ␤-strand and the eighth 32 ␣-helix of the barrel. This loop differs in length between SBEI and SBEII isoforms (Burton et al., 1995) and has been suggested to determine spacing between the branches (Jespersen et al., 1993) . The lack of the 163-amino acid segment may not impair the ability of domain 1 to bind glucan polymers, since removal of a similar approximately 20-kD C-terminal peptide from a 103-kD potato SBEI did not alter its activity (Khoshnoodi et al., 1996) . However, how the missing segments on domain 1 may affect the interactions between domain 1 and glucan polymers or starch biosynthetic enzymes cannot be predicted until further investigations have been done.
Although it remains to be shown that SBEIc is a bifunctional protein, it would be of interest to determine how this type of protein has evolved. Inspection of the Sbe1c sequence would suggest that the sequence of the first domain derived from a wSBEI-D2-like gene was fused to Sbe1 gene at the junction of exons 2 and 3 (Fig. 5) . It is also possible that Sbe1c is a product of a trans-splicing event between a wSBEI-D2-like mRNA and a 2.8-kb Sbe1 transcript. The development of this type of hybrid gene or transcript may have been facilitated by the close proximity of the wSBEI-D2-like and SBEI genes on chromosome 7 (Rahman et al., 1997) .
Previous studies of SBE in wheat endosperm have localized SBEI isoforms only to the soluble phase of the granule . However, SBEII isoforms are found in both the soluble phase and in the starch granules. Of the two types of SBEII in wheat, SBEIIa and SBEIIb, only the latter appears to be granule-bound (Takaoka et al., 1997) . Our study showed that the 152-kD SBEIc represents a granulebound form of SBEI. This could also be true for a protein comigrating with SBEII on SDS-PAGE gels, but we cannot at this point exclude the possibility that it is a breakdown product of the 152-kD SBEIc. Genes encoding SBEI and SBEII isoforms in pea, maize, and wheat endosperm are differentially expressed with SBEII transcripts appearing earlier than SBEI transcripts (Burton et al., 1995; Gao et al., 1996 ; R.B. Nair, unpublished data). A similar difference in expression patterns for the granule-bound 152-kD SBEI and the soluble 87-to 88-kD SBEI was observed in our study (Fig. 2) . The appearance of the 5-kb Sbe1 earlier than the 2.8-kb Sbe1 mRNA may be of significance for starch granule formation during endosperm development in wheat.
The analysis of SBEI transcripts produced in the developing wheat endosperm of the cv Fielder suggested that there are at least three different forms of SBEIc transcripts produced. These variants would encode proteins of very similar molecular masses (Ͻ1-kD difference), and thus, cannot be distinguished as separate bands on one-dimensional SDS-PAGE gels. Our analysis of starch granules of Triticum sp. suggested that variants of SBEIc also exist in both the diploid (T. monococcum, T. tauschii) and tetraploid (T. turgidum subsp. durum) wheat (Fig. 8B) .
For the tetraploid wheat cv Kyle, two separate protein bands were distinguished, and apparently, the difference between the SBEIc isoforms in this cultivar are more distinguishable on SDS-PAGE gels than those of the hexaploid wheat cv Fielder. A protein corresponding in migration with SBEIc is also present in starch granules of Triticale and rye (Schofield and Greenwell, 1987) . The starch granules produced in Triticale, rye, and wheat show a bimodal granule size distribution and in that aspect differ from most other plants (Ellis et al., 1998) . This apparent association between the presence of SBEIc isoforms and production of two size classes of starch granules is studied in an accompanied paper by Peng et al. (2000) .
MATERIALS AND METHODS
Plant Materials
Wheat (Triticum aestivum L. cv Fielder) was grown in a greenhouse under optimal conditions as previously described . Developing kernels were harvested at various stages after anthesis, frozen in liquid nitrogen, and stored at Ϫ70°C until needed.
Screening of a Wheat cDNA Library
Approximately 200,000 plaques of a cDNA library, constructed from wheat poly(A ϩ ) RNA isolated from 12-d-old wheat kernels , were screened for Sbe1 clones by plaque hybridization (Sambrook et al., 1989) . Probe 1 used in the library screening consisted of an 828-bp RT-PCR product, obtained from a reaction using 12-d-old wheat kernel RNA and the Sbe1-specific primers BE11 and BE12 (Figs. 1 and 4) . Ten of the positive clones were plaquepurified, and their inserts were excised in vivo from the Uni-ZAP XR vector (Stratagene, La Jolla, CA). The clone with the longest insert was denoted pRN60 and chosen for further characterization.
DNA Sequence Analysis
Templates for sequencing were prepared by subcloning DNA fragments into the pBluescript II SK ϩ vector (Stratagene). DNA sequencing reactions were performed by the dye terminator cycle sequencing technique and analyzed on an automated DNA sequencer (Applied Biosystems, Foster City, CA). All of the reported sequences were determined on both of the strands and from overlapping templates. Nucleotide sequences were assembled and analyzed using the Lasergene software (DNASTAR Inc., Madison, WI). Pair-wise alignments of DNA and protein sequences were calculated by the Clustal method using a K-tuple value of 1, gap penalty value of 3, and window size of 5.
Isolation of RNA and RNA Gel-Blot Analysis
Total RNA was isolated from 12-d-old wheat kernels using a hot-phenol method as described (Båga et al., 1995) .
RNA gel-blot analysis was performed with 20 g of total RNA fractionated on a 1% (w/v) agarose-2.2 m formaldehyde gel, transferred to a nylon membrane (Hybond N ϩ , Amersham, Buckinghamshire, UK), hybridized with probe 2 (nucleotides 1,993-4,209 of Sbe1c; Fig. 1 ), and washed as described . To assure that about the same amount of RNA was loaded onto each lane, the hybridized blot was stripped and rehybridized with a 25S ribosomal DNA probe as described . Probes were radiolabeled using the Rediprime random primer labeling kit (Amersham).
5-RACE
5Ј-RACE was performed with poly(A ϩ ) RNA extracted from 12-d-old wheat endosperm following the protocol supplied with the Marathon cDNA Amplification Kit (CLONTECH Laboratories, Palo Alto, CA). The first strand synthesis was primed with the Sbe1-specific BE19 primer (Figs. 3 and 4) . After synthesis of the second strand, the double-stranded cDNA was ligated to the Marathon cDNA Adaptor (CLONTECH Laboratories), followed by a first-round PCR amplification performed with the adaptor primer AP1 (5Ј-CCATCCTAATAC-GACTCACTATAGGGC-3Ј; CLONTECH Laboratories) and the Sbe1-specific primer BE25 (Figs. 3 and 4) . The reaction was initiated by a denaturation step at 94°C for 3 min followed, by 25 cycles of 94°C for 30 s, 62°C for 20 s, and 68°C for 3 min and a final 10-min extension at 68°C. Products derived from the 4.8-kb Sbe1 transcripts were separated from shorter products derived from the 2.8-kb Sbe1 mRNA by agarose gel electrophoresis. Products of 1.9 to 2.7 kb were gel-purified and used as a template in a nested amplification using nested adaptor primer AP2 (5Ј-ACTCACTATAGGGCTCGAGCGGC-3Ј; CLONTECH Laboratories) and the gene-specific primer BE39 (Figs. 3  and 4) . The amplification conditions were 94°C for 3 min, 30 cycles of 94°C for 30 s, 65°C for 20 s, and 68°C for 3 min, followed by a final extension at 68°C for 10 min. Amplified fragments were separated by agarose gel electrophoresis, isolated, cloned, and analyzed by DNA sequencing.
RT-PCR
First strand cDNA, used as a template in the RT-PCR reactions, was synthesized from 1.0 g of total RNA isolated from 12-d-old wheat endosperm. The RNA was primed with oligo(dT) 12-18 and reverse-transcribed in a total volume of 20 L using Superscript II (Life Technologies/Gibco-BRL, Cleveland). PCR reactions (25 L) were performed with a 0.5-L aliquot of the first-strand cDNA using the Long Expand Template PCR System (Roche Diagnostics Gmbh, Mannheim, Germany) and the primer pair BE65/BE38 (Figs.  3 and 4 ). Reactions were initiated by a denaturation step at 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, 65°C for 20 s, 68°C for 2 min 30 s, and a final 10-min extension at 68°C. Amplified fragments were fractionated by agarose gel electrophoresis, isolated, cloned, and analyzed by DNA sequencing.
Construction of Expression Vectors
Assembly of the pQE-SBEIc plasmid (Fig. 6A ) was initiated by PCR amplification (30 cycles of 94°C, 65°C for 20 s, 68°C for 2 min 30 s) of Sbe1c nucleotides 265 to 1,879, using the BE63/BE39 primer pair (Fig. 4) . This reaction introduced a NcoI recognition site at the start of the sequence encoding the mature SBEIc. Thereafter, the NcoI-NcoI fragment carrying Sbe1c nucleotides 265 to 1,732 was isolated from the amplified product, filled-in, and inserted into a filled-in BamHI site of the His-tag expression vector pQE30 (Qiagen USA, Valencia, CA). Construction of pQE-SBEIc was completed by insertion of a 2.2-kb EcoRV-XhoI fragment (Sbe1c nucleotides 1,623-4,563 with XhoI site added at the end) into the EcoRV and SalI sites.
Construct pREP4-cm, encoding the Lac repressor, was derived from pREP4 (Qiagen USA) by replacing the NPTII gene carried on a ClaI-SmaI fragment with the chloroamphenicol resistance gene isolated as a PvuII-BstBI fragment from the pACYC184 vector.
Construction of pKKABEI, encoding the mature 87-kD wheat SBEI, was initiated by inserting nucleotides 221 to 923 (NcoI-KpnI fragment) of pABEI cDNA (Repellin et al., 1997) into NcoI-KpnI sites of the bacterial expression vector pKK388-1 (CLONTECH Laboratories). Then nucleotides 923 to 2,729, isolated as a KpnI fragment, were introduced to give pKKABEI. The SBEII expression vector, pQRN33, encoding the mature wheat SBEII was obtained by two cloning steps. First the pRN33 nucleotides 317 to 1,442 carried by a HaeIII fragment were inserted into a filled-in BamHI site of the His-tag expression vector pQE31 (Qiagen USA). The resulting construct was restricted with KpnI and SmaI, followed by introduction of nucleotides 1,245 to 2,632 located on a KpnI-PvuII fragment, to give pQRN33.
Analysis of BE Activity Produced in Escherichia coli
The BE-deficient E. coli strain KV832 (Kiel et al., 1987) carrying pREP4-cm was transformed with pQE-SBEIc or the cloning vector pQE30. Plasmids pREP4-cm and pQE30 were also introduced into the BE-positive E. coli strain DH5␣. The bacterial cultures were grown at 37°C in liquid YT medium (Sambrook et al., 1989 ) containing 1.0% (w/v) Glc, 100 g/mL carbenicillin, and 25 g/mL chloramphenicol, to an A 600 ϭ 0.6, and induced for 2 h by addition of IPTG to 1 mm final concentration. Production of SBEIc was verified by SDS-PAGE-gel analysis of cell lysates prepared from noninduced and induced cultures.
Visualization of BE activity in bacterial cells grown on solid media was done by iodine staining of colonies as described (Kossmann et al., 1991) . The BE activity levels in cells from noninduced cultures was determined by the phosphorylase a stimulation assay (Hawker et al., 1974) performed at 30°C for 30 min using 2 and 5 g of soluble protein extract. The cell extracts were prepared from cells of 1 mL of culture that were lysed by sonication in 0.25 mL of extraction buffer (50 mm Tris [tris(hydroxymethyl)-aminomethane]-HCl, pH 7.5, 2 mm EDTA, 5 mm dithiothreitol, and 1 mm phenylmethylsulfonyl fluoride) and centrifuged at 15,000g for 20 min. Determination of protein concentration in the soluble extracts was done using the dye-binding assay (Bio-Rad Laboratories).
Isolation of Starch Granule Proteins and SDS-PAGE Analysis
Starch granules were extracted from mature and developing wheat kernels according to procedure described by Zhao and Sharp (1996) with the exception of the steeping step, which was only done with mature seeds. Extracted starch (10 mg) was resuspended in 150 L of sample buffer 
Large Scale Production of Wheat SBE in E. coli
A culture of KV832 cells transformed with pKKABEI was grown at 37°C in Luria-Bertani medium containing 100 g mL Ϫ1 ampicillin. At A 600nm ϭ 0.6, IPTG was added to a final concentration of 0.5 mm, and the culture was grown at 25°C for 14 h. Cells were harvested by centrifugation and SBEI was purified according to Guan et al. (1994) . The final protein extract was loaded onto a 10% (w/v) preparative SDS-PAGE gel, and the 87-kD SBEI band was isolated by electroelution (model 422 Electroeluter, Bio-Rad Laboratories). The protein eluate was concentrated using a Centriplus 30 column (Amicon, Beverly, MA) before immunization.
The SBEII expression vector, pQRN33, was introduced into the E. coli strain, M15, carrying pREP4 and grown at 22°C in medium containing 25 g/L tryptone, 15 g/L yeast extract, 5 g/L NaCl, 1% (v/v) Glc, 100 g/mL ampicillin, and 25 g/mL kanamycin. Cells were grown to A 600nm ϭ 0.7, IPTG was added to give a 1-mm final concentration, and the cells were grown for an additional 14 h. Harvested cells were lysed under denaturing conditions and the His-tagged SBEI was purified using the QIAexpress purification system (Qiagen USA). The guanidine hydrochloride denaturation buffer, column washing buffers, and elution buffer were all supplemented with 10 mm ␤-mercaptoethanol and 0.25% (v/v) Tween 20. The homogeneity of the column fractions used for immunization was verified by SDS-PAGE.
Preparation of SBEI and SBEII Antibodies
Approximately 100 g of purified SBEI, or 250 g of His-tagged SBEII in 500 L of phosphate-buffered saline, was emulsified with an equal volume of Freund's complete adjuvant (DIFCO Laboratories, Detroit) and injected intradermally into cereal-starved rabbits. The injection was repeated twice at 2-week intervals using approximately 50 g of antigen and an equal volume of Freund's incomplete adjuvant (DIFCO Laboratories). The antiserum was collected 2 weeks after the final injection.
Immunoblotting
Starch granule proteins separated by SDS-PAGE were transferred by vertical electroblotting (Sambrook et al., 1989) onto Immobilon nitrocellulose membranes (Millipore, Bedford, MA) at 1.4 V/cm for 2.5 h using buffer 3 described by Bolt and Mahoney (1997) . The filters were blocked for 2 h in blocking buffer (5% [w/v] non-fat dry milk, 0.1% [v/v] Tween 20 in phosphate-buffered saline [Sambrook et al., 1989] ) and subsequently incubated for 1 h with primary antibodies in blocking buffer (1:1,000 dilution). Blots were washed for 1 h in blocking buffer, followed by incubation with alkaline phosphatase-conjugated goat anti-rabbit antibodies (Stratagene) in blocking buffer (1:5,000 dilution). Thereafter, the membranes were washed with blocking buffer for 1 h and with 50 mm Tris-HCl, pH 7.5, 150 mm NaCl for 45 min. Immunoreactive bands were revealed by chemical staining with 5-bromo-4-chloro-3-indolyl phosphate and 4-nitroblue tetrazolium (Stratagene) following the supplier's instructions.
